Abstract There is an increasing concern about the chemical and microbiological quality of spring waters in Galicia (Spain) due to bacteriological and nitrate contamination. Demonstrative actions of spring restoration and groundwater protection were implemented in five selected springs and fountains in the municipality of Abegondo. These actions include the cleaning and disinfection of the fountains, the restoration of the spring catchments and the definition and the implementation of the spring protection zones. Available topographic, geological, meteorological, hydrological, hydrogeological and hydrochemical data of the area were used to: (1) elaborate the hydrogeological conceptual model of the study area; (2) assess the groundwater chemical and microbial status; and (3) define the spring protection zones with a numerical groundwater flow and solute transport model solved with the CORE 2D code. Spring protection zones include: (1) an immediate zone of absolute restrictions around the spring with a radius of 3 m; (2) an intermediate zone of maximum restrictions where potential contamination activities are restricted; this zone has a radius of 30 m and is defined on the basis of a 50 days transit time; and (3) a remote zone which includes the rest of the contributing groundwater basin where restrictions are moderate. The protection zones defined in the project were included in the general development plan of the municipality. The chemical and microbial data of the springs were monitored during 3 years after the restoration actions. The cleaning and disinfection of the fountains and spring catchments were efficient in dropping noticeably the microbiological contamination and reducing mildly the nitrate concentrations (from 10 to 20%). The efficiency of the restoration measures was partially reduced by: (1) the low frequency of the cleaning and disinfection of the fountains; and (2) the lack of actions to enforce the restrictions in the protection zones to prevent the excessive use of manure as fertilizer in the surroundings of some springs.
Introduction
Water supply in dispersed rural communities is a great challenge for the implementation of the European regulations concerning water protection and management (Directive 2000/60/EC) and the quality of water for human consumption (Directive 98/83/EC). Agricultural contamination is often the pressure that results in poor groundwater chemical status in Europe where nitrate is the main concern for groundwater quality (EC 2010) .
About 650,000 people in Galicia (Spain) rely on groundwater supply through autonomous solutions. The technical and economic feasibility of centralized infrastructures in this region is severely limited by the distance to highly populated areas and the large investments required to undertake them. Local people developed spontaneously autonomous systems in response to the historic shortcomings of local administrations. A large part of the public-use springs in Galicia do not meet the sanitary standards for water supply due to bacteriological and nitrate contamination. This situation is propitiated by the lack of adequate water and land use plans in the spring catchments.
Potential sources of contamination to springs and wells are prohibited from being located within their capture zones to protect their water quality. A capture zone is an area around a spring or a drinking water supply well that contributes water to the spring or the well. The purpose of delineating a capture zone is to ensure that the chemical and microbiological concentrations in the spring or in the water extracted from a water supply pumping well are below the drinking water standards. Capture zone delineation is often done by using approaches based on the advective travel time such as the particle tracking method, the uniform flow field equations (U.S. EPA 1994) and the HYBRID method . Other methods to delineate capture zones account for both advection and dispersion (Uffink 1989; Chin and Chittaluru 1994; Tosco and Sethi 2010) . Difficulties in the delineation of protection zones are often due to the complexities in the flow field due to the uncertainties in the hydraulic conductivity and the transport processes (Okkonen and Neupauer 2016) .
More than the 50% of the population of the municipality of Abegondo rely on autonomous private systems with groundwater supply from spring catchments. Spring catchments also feed many public fountains throughout the municipality. The Abegondo municipality compiled nearly a hundred public fountains and traditional wash houses within the framework of the Life Aqua Plann project (Ameijenda et al. 2013) . The recovery of water quality and the assurance of the potability of public springs in the municipality of Abegondo were also undertaken in the Aqua Plann project (Aqua Plann 2011). Here, we report the demonstrative actions of groundwater quality restoration implemented in five pilot springs in the municipality of Abegondo (Galicia, Spain) to clean and disinfect the fountains, restore the spring catchments and define and implement spring protection zones. The spring protection zones were defined with a numerical groundwater flow and solute transport model solved with the CORE 2D code (Dai and Samper 2004; Samper et al. 2011b) . The protection zones defined in the project were included in the development plan of the municipality. We present also the data collected during the 3 years monitoring period after the restoration actions.
The paper starts with a description of the study area and its hydrogeological conceptual model. The springs selected for demonstrative actions and their groundwater quality data are presented next. The paper continues with the demonstrative actions and the definition of the protection zones. Then, the results of the groundwater quality monitoring are presented. The paper ends with the main conclusions and recommendations.
Description of the study area
The study area is located in the Abegondo municipality, south of A Coruña in northwest Spain (Fig. 1) . Its surface area is 83.9 km 2 . The average altitude is 174 m a.m.s.l. It is located in a rural area with dispersed and low-density population (*66 inhabitants per km 2 ). The economy depends on agriculture, livestock and forestry with a few derived industries. The main land uses include pastures, thickets, forests and crops.
The climate in Abegondo is wet oceanic with relatively abundant rainfall. The climate is classified as Csb, temperate with dry or temperate summer, according to the Köppen Climate Classification System (AEMET and IM 2011). The complete weather station at the Agricultural Research Center of Mabegondo is located in the center of the study area. The average annual temperature is 12.3°C. The precipitation shows a clear seasonal character. The autumn and the winter are the rainy seasons. The precipitation decreases in the spring. The summers are often dry. The average annual precipitation is equal to 1169 mm.
The main water courses of the study area are the Mero River and its tributaries, Gobia and Barcés rivers (Fig. 2) . The drainage network is very dense including also many streams and brooks. A small area in the south of the municipality drains to the south and belongs to the Tambre River basin. However, most of the study area drains to the north to the Mero and the Barcés river basins.
The study area is mostly framed in High-Precambrian metapsamites and metapelites of the Ordes Complex (Galán et al. 1978) . It is a schist-graywacke substrate. The weathered layer of schists has a spatially variable thickness which ranges from 1 to 5 m, reaching sometimes 15 m. Narrow intercalated phyllite can be found in the southern part of the study area. The longest is about 4 km long. Quaternary deposits are found in the lowest areas and in the flood plains of the main water courses (Fig. 2 ).
Hydrogeological conceptual model
The conceptual model of the groundwater flow in the metamorphic rocks of the study area assumes an equivalent porous medium and accounts for an upper layer of weathered rock (regolith), an intermediate layer of fractured rock and a deep layer of slightly fractured rock (Fig. 3) . This model shares some similarities with that proposed by Lubczynski and Gurwin (2005) for the Sardón basin (Salamanca, Spain) and provides a simplified representation of the spatial heterogeneity and the spatial variability of the hydraulic conductivity of the fracturing, the tectonic processes and the rock weathering. The layer of weathered rock has a large spatial extent with a small Fig. 2 Location of the selected springs on: (1) a topographic and drainage basin map with the main rivers (left) and (2) geological map (right) showing the schists of the complex of Ordes, the alluvial Quaternary deposits and the intercalated phyllite (Galán et al. 1978 ) Fig. 3 Hydrogeological block diagram of the fractured schists of Abegondo which illustrates the hydrogeological conceptual model. The upper layer of weathered rock (regolith) overlies the fractured rock. The slightly fractured rock is the deepest thickness which varies spatially. The available data do not allow distinguishing the hydrogeological parameters of the regolith and the fractured rock layers because most of the existing wells tap the two shallowest layers. The deepest layer plays a less relevant hydrogeological role because groundwater flows mostly through the regolith and the fractured rock layers. Springs are not related to geological contacts, quartz dikes or other rock singularities. On the other hand, many springs are located at the contact between the regolith and the fractured rock layer.
A pumping test was carried out in a 30 m-deep well near the Presedo fountain, one of the selected fountains for demonstrative actions. Its location is shown in Fig. 2 The aquifer is recharged from rainfall infiltration in most of the study area. Irrigation is not relevant because crops occupy small tracks located at the bottom of the valleys. Groundwater discharges along the lower parts of the creeks and valleys. The discharge is evenly distributed or focused on springs and seepage areas.
Selected springs for demonstrative actions
The following criteria were used to select the fountains for demonstrative actions: (1) wide use of the fountain; (2) the need for restoration actions; and (3) fountains distributed throughout the study area. The selected fountains include: Vilanova, Outeiro, Villardel, Beldoña and Presedo. Figure 4 shows the pictures of the fountains. Their location is shown in Fig. 2 .
The groundwater basin of each selected spring was defined from the Digital Terrain Model by assuming that the groundwater basin coincides with the surface water basin. This assumption is supported by the low to medium hydraulic conductivity of the subsurface and, also, by the similarity between the shape of the topographic surface and the shape of the phreatic surface in the study area. The surface areas of groundwater basins of the Vilanova, Outeiro, Villardel, Beldoña and Presedo fountains are equal to 4, 29, 11, 38 and 31 ha, respectively.
The selected fountains are widely used for drinking and traditional washing. Drinking water from public fountains is a very firm custom in the region because of its good taste without chlorination, and the popular belief that spring water is healthier than the water from the public supply network. The Villardel and Outeiro fountains are widely used by local people who often fill water containers for their drinking needs. The Vilanova fountain is along the ''Camino de Santiago'' (The Way of Saint James) and is used by the local people and by the numerous pilgrims. The Presedo and Beldoña fountains serve also as traditional washing places for older neighbors.
A detailed compilation of the fountain characteristics was performed, including: the location of the capture point, the design and materials of the catchment, the pipelines, the water tanks, the connection boxes, the valves and the taps. Fountain functioning and conservation conditions were also recorded. A detailed inventory of the current land uses and the foreseen land uses in the general development plan of the municipality in the surroundings of the springs was also performed. This inventory included also the infrastructures or activities likely to cause groundwater contamination in the spring basins.
The flow rate of the fountains was monitored from September 2010 to April 2012 (Fig. 5) . The average flow rate of the Vilanova and Villardel fountains is approximately equal to 0.5 L/s, while that of the Outeiro, Presedo and Beldoña fountains is 0.2 L/s. The water flow of the fountain is smaller than the spring flow when the spring flow exceeds the conveyance capacity of the pipeline which feeds the fountain. The overflow is important in some springs such as the Villardel spring for which the average spring flow is estimated to be equal to 1 L/s. The spring flow increases in response to the rainfall events and decreases in dry periods. The Presedo and Beldoña springs dried in the summer of 2011. Physical and chemical spring parameters such as the water temperature, the pH, the electrical conductivity and the total dissolved solids were monitored in situ during this period. In addition, spring water samples were taken for chemical and bacteriological analyses.
Spring water quality and contamination
The natural chemical properties of the shallow groundwaters of the Mero and Mandeo river basins were established within the framework of the Aqua Plann project (Aqua Plann 2011). The pH of natural groundwater is slightly acidic and ranges from 5.7 to 6.5. The electrical conductivity is also low and ranges from 40 to 110 lS/cm. The ranges of the concentrations of the main anions and cations are listed in the last column of Table 1. The concentration of chloride in pristine groundwater varies from 11 to 15.5 mg/L. The range of nitrate concentrations is from 1 to 10.4 mg/L. The concentration of iron ranges from 0.01 to 0.23 mg/L, while that of manganese ranges from 5 to 67 lg/L. The maximum concentrations of Fe and Mn exceed the European drinking water standards (Directive 98/83/EC). These high concentrations of Fe and Mn have a natural origin associated with the contact zones of shales and granites. The concentrations of other metals such as aluminum, arsenic, copper, cadmium, nickel, mercury, lead and zinc are very low (not shown here). Table 2 lists the average values of the chemical parameters monitored in situ from February 2011 to March 2012. The pH, the electrical conductivity and the total dissolved solids were almost constant in this period. Therefore, no major changes in the chemical composition of the spring waters were observed. Table 1 presents also the chemical and microbiological data from water samples taken from the selected fountains in the spring of 2011 before the demonstrative actions. In general, the chemical composition of the waters of the five fountains is very similar. However, the electric conductivity and the concentrations of the major ions in the Villardel fountain are smaller than those of the other fountains. The measured concentrations were compared to the reference values corresponding to natural conditions and to the parametric values established by the European drinking water regulations (Directive 98/83/EC). The pH of natural groundwater is slightly more acidic than the parametric pH. The measured electrical conductivities are low and slightly larger than the reference values for this aquifer. The concentration of chloride ranges from 16 to 42 mg/L. Spring waters present a low alkalinity. Sodium is the dominant cation. Evidences of nitrate contamination were found in all the fountains except the Villardel fountain. The measured nitrate concentrations do not exceed the maximum admissible concentration for drinking water (50 mg/ L). The measured metal concentrations are very low (not The microbiological data confirm the presence of coliforms and E. coli in low concentrations (1-3 cfu/100 mL) in the Vilanova, Villardel and Presedo fountains and show a high concentration (up to 84 cfu/100 mL) in the Outeiro fountain. No microbial contamination was found in the Beldoña fountain.
The possible reasons and sources of nitrate and bacteriological contamination include: (1) the lack of maintenance and cleanliness of the fountains and spring catchments; (2) the leaking septic tanks near the springs; and (3) the inadequate management of the manure in the neighboring fields.
Demonstrative actions Restoration of the fountains
The demonstrative actions for the recovery of the water quality in the selected fountains include (Samper et al. 2011a ): (1) the cleaning and disinfection of the fountain and the spring catchment; (2) the replacement of pipelines, water tanks, inspection boxes and other elements in bad condition; (3) the fencing and sanitary sealing of the catchment area; (4) the cleaning of weed of the surroundings of the spring and the fountain; and (5) the construction of drainage ditches to divert the surface runoff. These actions were carried out by Espina and Delfin S.L. in January and February 2012.
Definition of the intermediate protection zone with a numerical model
The demonstrative actions included also the definition of the spring protection zones. The spring intermediate protection zone was estimated with a two-dimensional horizontal numerical flow model of the Villardel fountain. The model was performed with the CORE 2D code (Samper et al. 2009 (Samper et al. , 2011b . CORE 2D V4 is a code for transient saturated and unsaturated water flow, heat transport and multicomponent reactive solute transport under both local chemical equilibrium and kinetic conditions in heterogeneous and anisotropic media. The flow and transport equations are solved with Galerkin finite elements and a Euler scheme for time discretization. The code has been used extensively to model aquifer flow and solute transport (Dai and Samper 2006) , to conduct laboratory and in situ experiments for radioactive waste disposal (Yllera et al. 2004; Zheng et al. 2010) , perform coupled models of geochemical reactions and microbial processes on the subsurface (Yang et al. 2007 (Yang et al. , 2008 , evaluate the long-term geochemical evolution of repositories in granite and clay (Samper et al. , 2016 Mon et al. 2017) , model groundwater flow and solute transport in granitic rocks , assess the impact of CO 2 leakage on groundwater quality (Yang et al. 2015) and evaluate the impact of climate change on groundwater heads and spring flows (Stigter et al. 2014; Samper et al. 2015) .
The numerical model domain coincides with the groundwater drainage basin which has a surface area of 0.112 km 2 . The domain was discretized with an irregular triangular finite element mesh. Groundwater recharge is uniform throughout the domain and equal to 280 mm/year. All the boundaries are impervious except the node where the spring is located from which groundwater discharges with an estimated mean flow equal to 1 L/s. The model considers two hydraulic conductivity zones, one of them around the spring and the other in the rest of the domain (Fig. 6 ). The numerical model was calibrated to ensure that the computed hydraulic heads are below the ground surface. The computed water table near the spring is very shallow and nearly coincides with the topographic surface. The depth to the water table far from the spring increases up to 40 m in the highest points. The calibrated transmissivity is equal to 40 m 2 /d near the spring, while it is equal to 1.2 m 2 /d in the rest of the model domain. These values are within the range of the expected transmissivities.
The mean transit time, s (days) from a point located upstream of the spring to the spring, was calculated for various locations by simulating the transport of a conservative tracer injected continuously at a constant concentration. The background concentration of the tracer in the aquifer is negligible. The accessible porosity was taken equal to 0.07. The diffusion coefficient is equal to 10 -7 m 2 /d. Molecular diffusion is much less relevant than hydrodynamic dispersion in this aquifer. The longitudinal dispersivity was assumed to be equal to 15 m and the transverse dispersivity to 10 m. The breakthrough curve for an instantaneous tracer injection, c(t), is obtained from the time derivative of the breakthrough curve for a continuous tracer injection, c(t). The mean transit time, s, can be calculated from c(t) according to:
The mean transit time was calculated for injection points located at distances from 25 to 50 m upstream of the spring at several orientations. The mean transit time increases linearly with the increasing distance from the spring for injection points located along a given orientation. The computed mean transit time is about 50 days for tracer injection points located about 30 m from the spring, regardless of the orientation.
A sensitivity analysis of the transit time to changes in the porosity and dispersivity was performed to evaluate the uncertainty in the estimation of the distance for a 50 days transit time. The transit times are significantly sensitive to changes in the porosity within the range (0.05, 0.1). The smaller the porosity, the faster is the groundwater flow and the smaller is the transit time from the injection point to the spring. The distance to the spring for a transit time of 50 days is equal to 35 m for a porosity equal to 0.05. Figure 7 shows the steady-state concentration contour plot for a continuous tracer injection in a point located approximately 30 m from the spring and the sensitivity of the computed breakthrough curves for an instantaneous tracer injection to changes in porosity from 0.05 to 0.1.
The sensitivity analysis to changes in the dispersivities considers a range between 10 and 20 m for the longitudinal dispersivity, while the ratio between the longitudinal and the transverse dispersivities is maintained constant. The results are slightly sensitive to the changes in the dispersivities. The computed transit time decreases when dispersivities increase. The distance to the spring for a transit time of 50 days is nearly 33 m when the longitudinal dispersivity is equal to 10 m. On the other hand, the computed transit times are not sensitive to the ratio between the longitudinal and the transverse dispersivities. The results of the sensitivity runs allow concluding that the distance to the spring for a transit time of 50 days is most likely to range from 25 to 35 m with a most likely value of 30 m.
Proposal of the spring protection zones
The immediate zone is defined as the closest area around the spring. As an educated guess, it was defined as a circle with a radius of 3 m. The size of the intermediate protection zone was defined based on a transit time of 50 days 
Post-restoration spring water quality monitoring
After the restoration of the selected springs and fountains, a periodic monitoring of the spring water quality was carried out to test the efficiency of the restoration measures. Four water sampling campaigns were performed in March, June, August and October 2012 for chemical and microbiological analyses. An additional sampling campaign was performed 3 years later in May 2015. Chemical and microbiological data after the restoration were compared with those collected before the restoration. The main chemical parameters, such as pH and electrical conductivity, remained stable (Table 3 ). The measured concentrations of the major anions and cations (not shown here) remained also stable except for some fluctuations in the concentrations of sulfate and some cations, which were probably due to the fact that the chemical and microbiological analyses were performed in different laboratories. Therefore, no significant changes in water chemistry were observed.
A slight decrease in nitrate contamination in the Presedo and Beldoña fountains was observed after the restoration measures, even after 3 years. On the other hand, the concentration of nitrate in the Outeiro and Vilanova fountains remained constant. No evidences of nitrate contamination were found in the Villardel spring water which has nitrate concentrations lower than 4 mg/L. The microbial contamination disappeared completely in the Villardel, Vilanova and Beldoña fountains a year after the restoration. The microbial contamination, on the contrary, persisted in the Outeiro and Presedo fountains. The microbial contamination reappeared in the Villardel fountain 3 years after the restoration.
Although the protection zones were included in the municipality development plan, no action was taken to enforce the restrictions imposed in the protection zones. The fertilization of the orchards and the crops with manure 
Conclusions
Available topographic, geological, meteorological, hydrological and hydrochemical data of the municipality of Abegondo have been used to develop a hydrogeological conceptual model of the study area and to evaluate the groundwater quality. Groundwater flows mostly through the weathered and more intensely fractured rock. Its equivalent transmissivity ranges from 20 to 40 m 2 /d. The aquifer recharge occurs due to infiltration of rainwater and the discharge of the groundwater flow occurs in the lower parts of the creeks and valleys.
Five widely used public fountains distributed throughout the study area were selected to implement restoration activities. All the fountains except for the Villardel fountain show evidences of nitrate contamination. The measured concentrations are below the parametric value for drinking water. All the fountains except the Beldoña fountain are affected by microbial contamination. The demonstrative actions for the recovery of the water quality of the five fountains include: (1) the cleaning and disinfection of the fountain and the spring catchment; (2) the replacement of pipelines, water tanks, inspection boxes and other elements in bad condition; (3) the fencing and sanitary sealing of the catchment area; (4) the cleaning of weed of the surroundings of the spring and the fountain; and (5) the construction of drainage ditches to divert the surface runoff. These actions were successfully carried out in January and February 2012. The demonstrative actions included also the definition of spring protection zones. The immediate protection zone was defined as a circle centered in the spring with a radius of 3 m. The intermediate protection zone was defined as the intersection of the groundwater basin and a circle centered in the spring with a radius of 30 m. The moderate restriction zone of each spring coincides with the spring groundwater basin. This proposal of spring protection zones was included in the general development plan of the municipality of Abegondo.
The chemical and microbial data of the springs were monitored during 3 years after restoration actions. No significant changes in the water chemistry were observed in the post-restoration phase. However, a clear reduction in the microbial contamination and a mild reduction of nitrate contamination were achieved in some fountains. The efficiency of the restoration measures was partially reduced by: (1) the low frequency of the cleaning and disinfection of the fountains; and (2) the lack of actions to enforce the restrictions in the protection zones and prevent the excessive use of manure as fertilizer in the surroundings of some springs.
An appropriate periodic maintenance of the fountains and spring catchments is strongly recommended to maintain good water quality in the springs over time. The definition of the protection zones and their implementation in the general development plan is not enough to ensure good spring water quality. An efficient control of the restricted activities, especially of the excessive manure application, is recommended to reduce the nitrate concentrations and prevent microbial contamination.
The lessons learned in the rural areas of Abegondo and the conclusions of our study should be of great relevance for the proper groundwater protection, use and governance in the rural areas of metamorphic and plutonic regions which occupy large parts of the world.
